We have identified and sequenced two members of a chicken middle repetitive DNA sequence family.
INTRODUCTION
For quite some time it has been known that the DNA of higher organisms consists of repetitive DNA sequences present in many copies per haploid genome as well as single copy (unique) DNA sequences. In a majority of organisms studied (1, 2) , a large percentage of the repetitive DNA has been shown to consist of sequences approximately 300 base pairs (bp) in length which are interspersed among the single copy sequences. The function of these short interspersed repeats is not known, but they have been postulated to be involved in the regulation of gene expression at the level of transcription (3) or RNA processing (4) .
Recently, it has been shown that the interspersed repetitive sequences of the human genome are dominated by a single family of repeats which has been termed the Alu family (5, 6) . Human Alu family sequences are present in about 300,000 copies per genome, and the nucleotide sequence of several individual members as well as a general consensus sequence has been determined (6) (7) (8) (9) .
Specific regions of the Alu sequence share considerable homologies with: interspersed repeated DNA sequences of Chinese hamster cells, sequences found near the origin of replication of several papovaviruses, sequences found in HeLa cell hnRNA, a species of 4.5S RNA from rodent cells (10, 11) , and a 7S RNA from HeLa cells (12) . Several investigators have identified families of interspersed repetitive DNA sequences in the mouse (13) (14) (15) . The sequence of one such family from the mouse has been determined (13) . The members of this family are approximately 130 bp in length, and they exhibit similar homologies to those mentioned above.
Equivalent-type sequences have also been reported in other primate and rodent species (16, 17, 11) .
The conservation of these ubiquitous repetitive sequence homologies among several mammalian species prompted us to examine whether these homologies might also be conserved in a non-mammalian species. We have recently reported the identification and characterization of a chicken DNA genomic clone containing a gene for Ul small nuclear RNA (18) . In this paper we report the identification and sequence of a chicken repetitive DNA element (CRIUla) which is located approximately 2 kb upstream from the chicken Ul RNA gene. We have also identified and sequenced a second segment of DNA (CRIOVa) which is located approximately 12 kb downstream from the 3 1 end of the ovalbumin gene structural sequence. These two sequences are members of a chicken middle repetitive DNA family which we have chosen to term CR1.
Sequence homologies are presented which compare the two CR1 sequences to each other and to their mammalian counterparts.
MATERIALS AND METHODS

Recombinant DNA Clones
The initial characterization of the recombinant Charon 4A phage clone containing the chicken Ul RNA gene has been described (18) . It was isolated from a gene library obtained from D. Engel, J. Dodgson, R. Axel and T.
Maniatis. A 2.5 kb chicken DNA fragment containing the Ul gene (and CRIUla sequence) was subcloned into the Eco RI site of the plasmid pBR322 (18) .
The CRIOVa sequence was identified in a phage clone (C1500) which contains approximately the 3' two-thirds of the ovalbumin gene and 13.5 kb of DNA flanking the 3' end of the ovalbumin gene (Fig. 4) . A 2.3 kb Eco RI fragment stretching from a natural Eco RI site on the left to an artificial Eco RI site on the right end (as shown in Fig. 4 ) was subcloned into pBR322 and used for sequencing. More specific details of this CRlOVa-containing clone will be presented in a publication dealing exclusively with repetitive DNA sequences in the ovalbumin gene domain (Stumph ^t a^., in preparation).
Hybridization Probes
The subcloned Ul 2.5 kb fragment was purified from plasmid DNA by cutting with Eco RI and separating the fragments by preparative agarose gel electrophoresis. The purified Ul 2.5 fragment was then re-cut with Hinf I to produce the smaller fragments shown in Fig. IB . The Hinf I fragments were subsequently separated on a 4% preparative polyacrylamide gel, extracted from the gel slices, and purified using the method of Maxam and Gilbert (19) . Probes for hybridization were prepared by nick translation (20) 
Solution Hybridizations
For Cot analysis in which the DNA reassociation was to be monitored by hydroxyapatite (HAP) chromatography, reactions were carried out in 0.12 M sodium phosphate (PB) pH 6.8 at 60° at a genomic driver DNA concentration of 8.7 pg/ml (3.33 ml volume), or in 0.4 M PB at 68° at DNA concentrations of 218 pg/ml (1.0 ml volume) or 4.4 mg/ml (40 yl volume). HAP chromatography was carried out at 60° after adjusting all samples to 0.12 M PB. Each reaction contained 5000 cpm of nick translated 3 2 P fragment 4 probe and 200,000 cpm of % total genomic DNA as a tracer. Self-reassociation of the labeled probes was monitored in identical reactions substituting E_j_ coll for chicken driver DNA. At Cots greater than 5 X 10 2 , self-reassociation of the low complexity 3 2 P probe became significant, so those results were unreliable and not plotted. Hybridizations to be assayed by SI nuclease digestion and subsequent trichloroacetic acid precipitability were carried out at 68° in 0.6 M NaCl, 10 mM HEPES pH 7.0, 2 mM EDTA containing 850 cpm of 3 2 P fragment 4 probe and driver DNA at concentrations ranging between 0.21 ug/ml and 2.1 mg/ml. SI digestions were carried out as previously described (20) . In all cases equivalent Cot values (those that would obtain at 0. 18 M NaCl) have been plotted (22) .
DNA Sequencing
The DNA sequencing method of Maxam and Gilbert (19) was used. The preparation and separation of end-labeled DNA fragments and the sequencing reactions were performed as described in Catterall et al. (23) .
RESULTS
Location and Reassociation Kinetics of the CRIUla Repetitive Sequence
The Ul genomic clone isolated from the chicken gene library consists of approximately 13.3 kb of chicken DNA inserted into Charon 4A, and contains 165 bp of chicken DNA flanking the 3' end of the Ul RNA coding sequence and about 13,000 bp flanking the 5' end of the Ul RNA gene (unpublished results). Digestion with Eco RI yields four chicken DNA fragments of sizes 4.3, 3.5, 3.0 and 2.5 kb. An Eco RI digest was run on a 1% agarose gel, transferred to nitrocellulose by the method of Southern (21) , and probed with ^2p nick translated total genomic DNA. Under such conditions, only bands containing DNA sequences which are repeated many times in the genome should yield a signal (24) . The result is shown in Fig. 1A . Only the 2.5 kb band, which contains the Ul RNA gene (18) , lights up. Since we have previously shown that the Ul gene is repeated only about 6-10 times in the chicken genome (18) it seems unlikely that it has a great enough repetition frequency to be responsible for the signal observed in Fig. 1A . The result therefore suggests that a more highly repeated sequence is present within the 2.5 kb fragment. The result also suggests that none of the other chicken DNA bands in the recombinant phage clone contain repetitive DNA sequences.
In order to better define the location of the repetitive sequence, the purified 2.5 kb fragment was digested with Hinf I to produce the fragments shown in Fig. IB . The fragments were separated on a preparative polyacrylamide gel, and extracted and purified as previously described (18) . Fragments 2 and 4 were then nick translated with ^2p nucleotides and individually used to probe Southern blots of total chicken DNA which had been cut with either Eco RI or Bam HI. DNA sequence in fragment 4 is repeated many times within the chicken genome.
In order to confirm the above result and to obtain an estimate of the number of copies of the repetitive sequence in the chicken genome, we examined its reassociation kinetics. The ^2p-labeled fragment 4 probe was allowed to reassociate with an excess of sheared, unlabeled total chicken DNA using standard conditions of DNA reassociation. A small amount of total chicken genomic DNA labeled with ^H by nick translation was also included to provide a standard for single-copy sequences. The results are shown in Fig. 2 . When assayed by hydroxyapatite chromatography, the ^2p probe reassociated with a C o t l/2 oi 2 * 7 x 1 0°* T h e u n i c t u e D N A component of the total chicken DNA had a Cotj/o of approximately 3.5 x 10 • Since the probe hybridizes approximately 1300 times faster than the single copy DNA, this identifies the DNA sequence present at the 5' end of Ul 2.5 as a member of a middle repetitive DNA family. When the reassociation of the probe with driver DNA was assayed by SI nuclease digestion, the Cot^/2 w a s approximately the same as observed by the hydroxyapatite method. As expected, however, the measured level of reassociation was reduced due to the digestion of single-stranded tails and When the CRIUla and CRIOVa sequences were compared, the two sequences were found to be homologous over a region of approximately 160 nucleotides.
This homology region is shown in Fig. 5A . It is interesting to note that there seem to be two distinct regions which differ in their degree of sequence conservation and which are separated from each other by an insertion/deletion block of 10 nucleotides between residues 274 and 275 of the CRIUla sequence.
The region which lies 3' of the insertion/deletion block, that is CRIUla   10  20  30  40  SO  60  GAATTCAAAA OOTOOAATAA TAAAACAATT TTATCAOTTO TTCOTOCCTO TTCTOTTTOC   70  80  90  100  110  120  CATCCTTGGT OTOOCAOGAO AATTGCTGCT TCCTTTTTAT TGCOTGCTCA GATCTGGGGT   130  140  150  160  170  180  TGTGTGATCC GACTGGGGCT TCCCCAAAGG CACTAATGCT TCATTCAACC CTCTGAAAGG   190  200  210  220  230  240  GTACATAACG GCAGGATAAG GGGAAATCGT TGGAAGTTGG AOGAGGGAAG ATTGAGGTTG   250  260  270  280  290  300  GACATCAGGG GGAAGTTCTT TACTATGAGA GTGGTGAGGT GCTGGAACAQ CTGCCCAGAG   310  320  330  340  350 [10, 26] ). By using the homologies between the CR1 and the Alu sequences shown in Fig. 6 , it is possible to assign a polarity to the CR1 family sequences based upon the Alu sequence polarity. The result of this assignment is that the orientation of the CRIUla sequence is in the same direction as that of the Ul gene, which is identical to the situation found for the Alu sequences located upstream from the human small RNA pseudogenes.
The relationship between the CRIOVa sequence and the ovalbumin gene, however, is reversed. In this case the CRIOVa sequence is found downstream from the ovalbumin gene, and the orientation of the CRIOVa sequence is in the opposite direction to that of the ovalbumin gene. Thus, in both of these cases the CRl sequence "points" toward the structural gene. It is not known whether or not this could be a general phenomenon in the chicken genome. (27) , length effects using short fragments (28, 29) , and the actual shortness of the repeated sequence region itself.
At the criterion used for the hybridizations, a substantial underestimate of the actual copy number would be expected. It has been well documented that Alu sequences are present in at least 300,000 copies per human haploid genome (5, 30) . However, isolated
Alu sequences empirically reassociate with driver DNA only 50,000 to 64,000 times as fast as human single copy DNA (5) . Since it appears that the chicken repetitive DNA sequence which we have characterized may be analogous to the human Alu family in many ways, it seems likely that 6800 copies would be a better estimate of the actual reiteration frequency of the chicken sequence (300,000/57,000 x 1300 = 6800). It is possible that additional, more distantly related sequences having a lower degree of homology are not even scored in the Cot assay, yet they may be present in many additional copies per genome.
It is not at all surprising that the chicken sequence is less reiterated than the human Alu family. Most studies using eucaryotlc organisms have shown predominant middle repetitive families with kinetic reiteration frequencies
In the 1000-2000 fold range (1, 5, 31) , compared to the 50,000 fold kinetic class observed in the human genome. Indeed, the bulk of the middle repetitive sequences of the chicken appear to reassociate at approximately the same rate or slightly slower (Fig. 2) than the CR1 sequence located upstream from the Ul RNA gene.
The cloning of chicken middle-repetitive sequences has also been reported by other investigators (32, 33, 34) . However, these other cloned repetitive sequences appear to be on the order of 2 kb or greater in length, so a close relationship between these cloned repeats and the CR1 sequence reported here is doubtful. It cannot be ruled out, however, that CRl-type sequences could be contained within these longer repeating units.
An important result of the studies presented here is that repetitive DNA sequences which are approximately 80% conserved among different species of mammals (11) appear also to have homologous counterparts in the chicken.
Several relatively lengthy regions of the chicken CR1 sequences exhibit greater than 70% homology to the mammalian repeats (Fig. 6 ). This indicates that at least some of the sequences in these repetitive families must predate A common structural aspect of mammalian ubiquitous repetitive sequences is that they are often, but not always, flanked by short direct repeats up to 20 bp in length. These short repeats, although highly homologous, are often not perfect copies of each other. This structural aspect of the mammalian repeats also appears to be conserved in the structure of the chicken CR1
sequences. The CRIOVa sequence is flanked by a quite well conserved direct repeat 15-16 bp in length (Fig. 5 ) . The direct repeat flanking the CRlUla sequence is not so well conserved. However, by analogy to the location of the CRIOVa direct repeats, it seems most likely that the CRlUla sequences probably are valid direct repeats which have undergone a small number of deletion or insertion events. In the case of the mammalian sequences studied, the short repeats which flank an individual family member are not homologous to the short repeats which flank other family members. This is also the case in the chicken sequences: the CRlUla short repeats are not homologous to the CRIOVa short repeats.
The partial conservation of sequence homology in these interspersed repeats, together with structural homology predating the divergence of mammals and birds, implies that these repetitive sequence families must play an important role in genomic function. Numerous suggestions have been made in the literature concerning the possible function of these ubiquitous interspersed repeated sequences. These include: origins of DNA replication (10);
RNA polymerase III transcription units (10, 26, 35) ; boundaries of DNA segments containing genes which are coordinately expressed (7); or involvement in genetic translocation (30) . By analogy to the structure of bacterial and yeast transposable elements, the presence of short direct repeats flanking many of the individual repetitive sequences has led to the suggestion that the interspersed repeats could act as mobile genetic elements (11, 36, 37) . Since sequences found in ubiquitous repeats are found also in hnRNA (10, 13) , in small molecular weight rodent RNAs associated with poly (A) containing RNAs further experiments will be performed to test the concept that this chicken repetitive sequence could be involved in specifying the boundaries of functional chromatin domains within the chicken cell nucleus.
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